Abstract: Human faecal waste has been discarded at inland Antarctic sites for over 100 years, but little is known about the long-term survival of faecal microorganisms in the Antarctic terrestrial environment or the environmental impact. This study identified viable faecal microorganisms in 30-40 year old human faeces sampled from the waste dump at Fossil Bluff Field Station, Alexander Island, Antarctic Peninsula. Viable aerobic and anaerobic bacteria were predominantly spore-forming varieties (Bacillus and Clostridium spp.). Faecal coliform bacteria were not detected, indicating that they are less able to survive Antarctic environmental conditions than spore-forming bacteria. In recent years, regional warming around the Antarctic Peninsula has caused a decrease in permanent snow cover around nunataks and coastal regions. As a result, previously buried toilet pits, depots and food dumps are now melting out and Antarctic Treaty Parties face the legacy of waste dumped in the Antarctic terrestrial environment by earlier expeditions. Previous faecal waste disposal on land may now start to produce detectable environmental pollution as well as potential health and scientific problems.
Introduction
Since the first human exploration of coastal Antarctica at the end of the 19th century, disposal of faecal waste has generally been into the sea (Meyer et al. 1963 , McFeters et al. 1993 , Hughes 2003 , Hughes & Blenkharn 2003 . With exploration inland, this method is not practical and most human waste has been left in situ, either buried in snow (Parker & Martel 2002) or discharged to inland streams and lakes. Burial of human waste in ice pits is still common practice for inland research stations, situated on ice shelves or the polar plateau, and for both static and travelling field parties. Once buried and maintained at low temperatures, faecal waste in Antarctica undergoes relatively little degradation and could become a long-term pollution problem (Parker & Martell 2002) .
The British Antarctic Survey (BAS) Fossil Bluff Field Station is situated on Alexander Island beside George VI Ice Shelf (Fig. 1) . The base was constructed in February 1961 and occupied in the winters of 1961, 1962 and 1969-75 , after which time it has been operated as a summer-only station. During the 1960s, all rubbish generated at Fossil Bluff was deposited at a waste dump on the surface of the ice shelf. After 40 years, the dump has remained on the surface of the ice shelf and has not been buried by snow. It was removed completely in 2003. Until recently, toilet facilities at Fossil Bluff Field Station were primitive. Initially, faeces were excreted directly into empty flour tins and deposited on the dump. However, in the 1970s a chemical toilet was installed and the waste was then emptied into a nearby crevasse. Facilities to dispose of human faecal waste were significantly improved in 2000 when BAS installed a propane-fuelled incinerating toilet at the base. This paper examined 30-40 year old human faecal waste found at Fossil Bluff dump to determine the long-term survival of faecal microorganisms in the Antarctic Peninsula.
Materials and methods

Meteorology
Air temperature at Fossil Bluff Field Station was measured every 6 h between January 1999 and December 2002 using a platinum resistance thermometer (accuracy ± 0.06°C; RS Components, Corby, UK).
Microbiology
In February 2000, sealed flour tins containing faecal material, and snow and ice from around the Fossil Bluff waste dump were collected aseptically. Samples were placed in insulated containers and flown to Rothera Research Station (~ 1.5 h) for immediate analysis. During the collection period the air temperature at Fossil Bluff was +2°C. Other flour tins, opened at the site, revealed that at that time the faecal material was unfrozen.
Faecal coliforms in melted snow (c. 1 l; melted overnight at +4°C) were enumerated in triplicate using membrane filtration (0.2 µm, Sartorius, Goettinger, Germany) on membrane lauryl sulphate broth agar (MLSB; Oxoid, Basingstoke, UK) according to established procedures (Anon 1994) . Immediately after opening the flour tins, faecal samples (~1 g) were extracted from the centre of the unfrozen mass under aseptic conditions, suspended in 300 ml of phosphate buffered saline (PBS; pH 7.2) and the supernatant filtered as before to enumerate faecal coliforms.
The remaining flour tins were stored at -20°C and frozen samples were transported to Derriford Hospital, Plymouth, UK, for further microbiological analysis. Representative portions of the faecal material were treated as described in Table I , to culture a range of faecal bacteria (Public Health Laboratory Service 1998a , 1998b , Roberts et al. 1995 .
Examination for intestinal parasites was performed by direct microscopic examination, and by the formol-ethyl acetate concentration method (Public Health Laboratory Service 1998c).
Results
Fossil Bluff experiences low precipitation and temperatures and has been characterised as having a continental rather than maritime climate (Harangozo et al. 1997) . However, Fossil Bluff experiences mean summer temperatures (December-February) close to 0°C (Fig. 2) with regular daily positive maxima, and is likely to experience higher numbers of freeze/thaw events than at colder sites at higher latitudes.
Faecal material sampled from the dump was not in a frozen state upon collection indicating that this material may have undergone repeated cycles of freeze/thaw over the last 30-40 years. Preliminary microbiological examination at Rothera Research Station of faecal material and snow collected around Fossil Bluff dump did not reveal the presence of viable faecal coliforms. The results of more extensive microbiological examination of the faecal material following freezing and transport to the UK are shown in Table II ]. Anaerobic bacteria cultured included Clostridium perfringens, which is a common marker strain indicative of faecal contamination. Ova, cysts and parasites were not seen in the faecal material. 
Discussion
This study has shown that faecal Enterococci and sporeforming Bacillus and Clostridium species can survive in the climatic conditions of the Antarctica Peninsula for 30-40 years. Under both aerobic and anaerobic conditions, cultured bacteria were predominantly spore-forming species, i.e. Bacillus spp. or C. perfringens. Gram negative coliform bacteria were not cultured from the material, and have been shown previously to be particularly susceptible to damage by freeze-thaw stress (Parker & Martel 2002 ; 50 years old) (Meyer et al. 1963) . This difference may be a consequence of the greater number of fluctuations around freezing point experienced at Fossil Bluff compared to McMurdo Sound (Harangozo et al. 1997 , S. Colwell, personal communication 2003 , leading to increased freeze/thaw damage to cells (Sanin et al. 1994 , Parker et al. 2000 (Fig. 2) . The finding that the faecal material at Fossil Bluff was not frozen when initially collected from the dump may corroborate this.
Bacillus spp. were found in Antarctic faecal material examined by Meyer et al. (1963) , Nedwell et al. (1994) and in this study. However, Bacillus spp. are common environmental isolates and despite careful sampling protocols, may have come from other sources.
With the application of molecular biological techniques it is now possible to detect DNA from human faecal microorganisms in supposedly pristine Antarctic soils. For example, Sjoling & Cowan (2000) found residual levels of non-indigenous bacteria at abandoned Antarctic field camps using PCR amplification of extracted soil DNA, though Upton et al. (1997) failed to detect human commensals using PCR around Halley Bay Research Station. Baker et al. (2003) list a number of PCR primers for specific microbial species, which could be used in pristine environments to detect microorganisms indicative of human impact. Whilst a major methodological advance, this technique does not indicate whether the microorganisms are viable, for which we have to rely on traditional culture techniques for the foreseeable future.
Impact of regional climate change
Antarctic Treaty Parties face the legacy of waste dumped in the Antarctic terrestrial environment by earlier expeditions. Previous methods of human waste disposal on land are now starting to produce detectable but localized environmental pollution as well as potential health and scientific problems. In some areas of the Antarctic Peninsula, regional warming has caused a decrease in permanent snow cover around nunataks and coastal regions (Fox & Cooper 1998) with the result that previously buried toilet pits, depots and food dumps are now melting out. At Sky Hi Nunataks (P. Convey, personal communication 2003) and Witte Nunataks (southern Antarctic Peninsula; M. Hunter, personal communication 2003) , faecal material was encountered in 2001 by BAS field parties that may have been derived from either dogs or humans in travelling geological field parties dating back to the 1970s. Also, buried faecal material on glacier surfaces are now being rediscovered due to reduced annual snow accumulation, and increased surface melt and ablation. For example, the surface lowering of the ice ramp at Rothera Point, which Smith et al. (1999) attributed to regional climate change, has resulted in dog faeces (dating from before February 1994) coming to the surface through ice melt (Hughes, personal observation 2001) . As well having health and safety implications, buried faecal material can cause other practical problems: in January 2001 a BAS Twin Otter aircraft, upon landing at Utopia Glacier, Alexander Island, caught one of its skis in an unmarked old toilet pit that had become partially exposed (Hughes, personal observation 2001) .
Science implications
Scientists must select carefully their study sites to avoid areas of previous human impact. Unfortunately, these sites are often only poorly mapped, especially in remote field locations and on the polar plateau. In the early 1970s, BAS glaciologists working on the George VI Ice Shelf drilled an ice core through some dog faeces left by an earlier expedition (D. Peel, personal communication 2003 
Conclusions
This study has shown that faecal Enterococci and sporeforming aerobes and anaerobes present in 30-40 year old human faeces have survived the climatic conditions of the Antarctic Peninsula, including repeated freeze-thaw cycles. Increased rates of snow and ice melt, possibly associated with regional climate change, have resulted in previously buried faecal material becoming exposed. Effective implementation of the requirements of the Environmental Protocol is therefore needed, as well as research and development of alternative methods of human waste disposal in inland areas of Antarctica.
Annex III of the Protocol on Environmental Protection to the Antarctic Treaty (1991) requires that existing Antarctic waste disposal sites are cleaned up. In the summer of 2002-03, BAS completely removed the waste dump at Fossil Bluff (approximately 52 tonnes of waste) by Twin Otter aircraft to Rothera Research Station, after which it was transported by sea for recycling or safe disposal either in the Falkland Islands or the United Kingdom (Plato 2001) . The results from this study were used to implement correct and safe working practices for the removal of the faecal material from the dump site: personnel were provided with disposable safety clothing and washing facilities, and all material associated with faecal material was treated as biohazard waste.
